Abstract. Cisplatin (DDP) is one of the most effective chemotherapeutic drugs against osteosarcoma (OS), the most common malignant bone-specific tumor. However, the acquired resistance to DDP limits its effectiveness in tumor treatment. In this study, in order to elucidate the mechanisms of drug resistance in cancer cells, we investigated cell death induced by DDP in OS cells. We evaluated the contribution of autophagy in the process of drug resistance in a panel of four OS cell lines, MG-63, U-2OS, MNNG/HOS and Saos-2. The cells were treated with DDP (0-50 µM) for 48 h and then cell vaibility was assessed using the Cell Counting kit-8 (CCK-8). Apoptosis was detected by flow cytometry and the green fluorescent protein (GFP)-microtubule-associated protein 1 light chain 3 (LC3) expression vector was used to visualize the formation of autophagic vesicles. Our results demonstrated that autophagy was induced by DDP in the drug-resistant cell line, Saos-2, which does not respond to DDP with apoptosis. DDP-induced autophagy protected the Saos-2 cells from apoptotic cell death. Moreover, the inhibition of autophagy by chloroquine, an inhibitor of lysosomal proteases, accelerated the DDP-induced cell death in Saos-2 cells. We also found that during DDP treatment, the protein expression level of the autophagic regulator, p62/sequestosome 1 (SQSTM1), decreased during the first hour of treatment, followed by a rapid recovery. Therefore, our data suggest a potential clinical therapy by targeting autophagy with chloroquine or monoclonal antibodies for the treatment of drug-resistant OS.
Introduction
Osteosarcoma (OS) is the most common specific malignant bone tumor. The five-year survival rate of patients with OS has increased to 60% with the current combination of modern surgery and systemic chemotherapy (1) . Cisplatin (DDP), which functions in a manner similar to alkylating agents, is one of the most effective drugs against OS. However, acquired resistance to DDP by tumor cells significantly limits its efficacy for the treatment of OS. Such resistance is closely associated with the recurrence and metastasis of OS following traditional treatment. The failure of DDP to induce apoptosis programmed cell death (PCD) type I is considered one of the major mechanisms underlying resistance to DDP (2, 3) . Effective systemic therapeutic options are therefore required to eliminate the primary lesion, particularly in drug-resistant OS.
Autophagy is a catabolic process whereby cells maintain homeostasis by eliminating unnecessary proteins and damaged organelles (4, 5) . Autophagy is associated with a number of physiological processes, including development, differentiation, neurodegeneration, infection and cancer (6) . Previous studies have demonstrated that autophagy induced in cancer cells by anticancer drugs may contribute to cancer cell survival in growth-limiting conditions, such as nutrient depletion, hypoxia, absence of growth factors and anticancer drug treatments (7) (8) (9) (10) (11) (12) . Furthermore, autophagy protects cancer cells from anticancer drug-induced apoptosis and promotes their survival and recovery following treatment with chemotherapeutic drugs (13, 14) . p62/sequestosome 1 (SQSTM1) is an ubiquitin-binding protein involved in cell signaling, oxidative stress and autophagy (15) (16) (17) (18) (19) . Considering that the induction of autophagy is accompanied by p62/SQSTM1 protein degradation, (autophagy usually downregulates the p62 protein level by degradation, not DNA transcription/tranlation), determining the intracellular level of p62/SQSTM1 by western blot analysis is used routinely to measure the autophagic flux in response to pro-autophagic stimuli. It has been reported that silencing the expression of the microtubule-associated protein 1 light chain 3 (LC3) protein triggers the intracellular accumulation of ubiquitinated protein aggregates bound to p62/SQSTM1 and/or neighbor of BRCA1 gene 1 (NBR1) protein (18, 19 restraint on tumor transformation, highlighting another function of p62/SQSTM1, which can act as an oncogene depending on the cellular circumstances (20) . In this study, we demonstrate that autophagy is induced by DDP in the Saos-2 cell line, an OS cell that does not respond to DDP with apoptosis. The induced autophagy protected the Saos-2 cells from apoptotic cell death induced by DDP. Moreover, the inhibition of autophagy by chloroquine, an autophagic inhibitor that blocks lysosomal degradation, accelerated the DDP-induced cell death of Saos-2 cells. Thus, autophagy appears to protect drug-resistant OS cells from DDP-induced apoptosis. Moreover, our data indicate that chloroquine suppresses the autophagic process in DDP-resistant OS cells by regulating the expression of p62/SQSTM1, which plays a critical role in the progression and the drug resistance of OS.
Materials and methods
Cell culture. The established human OS cell lines, MG-63 (CRL-1427™; ATCC, Manassas, VA, USA), U-2OS (HTB-96™; ATCC), MNNG/HOS (CRL-1547™; ATCC) and Saos-2 (HTB-85; ATCC), were obtained from the Cell Bank of the Shanghai Institute of Biochemistry and Cell Biology, Chinese Academy of Sciences (Shanghai, China), where they were tested and authenticated. All cell lines were grown in culture medium supplemented with 1% penicillin/streptomycin and 10% (MG-63, U-2OS and MNNG/HOS) or 15% (Saos-2) (v/v) fetal bovine serum (Gibco, Grand Island, NY, USA) at 37˚C in 5% CO 2 .
Reagents and antibodies. DDP (P4394), E-64d (E8640), chloroquine (C6628) and pepstatin A (P5318) were obtained from Sigma-Aldrich (St. Louis, MO, USA). The anti-LC3 and anti-p62/SQSTM1 antibodies were purchased from Sigma-Aldrich, and the antibodies directed against caspase-3, autophagy protein 5 (ATG5), beclin 1, Barkor/ATG14 and phosphatidylinositol-3-kinase (PI3K) C3 were purchased from Cell Signaling Technology (Danvers, MA, USA). 
Cell

Green fluorescent protein (GFP)-LC3 transfection.
The GFP-LC3 expression vector was used to visualize the formation of autophagic vesicles. Cells at 90% confluency were transiently transfected with GFP-LC3 using Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's instructions. To obtain the highest transfection efficiency and lowest cytotoxicity, we optimized the ratio of the DNA to Lipofectamine 2000. Twenty-four hours post-transfection, the cells were treated with different reagents, fixed with 4% paraformaldehyde in PBS and placed on slides. The assessment of GFP fluorescence was carried out using a fluorescence microscope (Nikon, Tokyo, Japan).
Western blot analysis. The cells were seeded in cell culture flasks or 6-well plates and cultured until they reached approximately 80% confluency. Fresh medium was added before further processing. Total cellular protein extracts were prepared by scraping the cells into Mammalian Protein Extraction Reagent (78503; Thermo Scientific, Waltham, MA, USA). The protein concentration was measured using a BCA protein assay (Thermo Scientific Pierce). The proteins were separated by SDS-PAGE 10-15% and electrotransferred onto either nitrocellulose or polyvinylidene fluoride (PVDF) membranes (Millipore, Billerica, MA, USA). The membranes were blocked with 5% bovine serum albumin (BSA) in Tris-buffered saline containing 0.1% Tween-20 (TBST, pH 7.6) for 90 min at room temperature. All primary antibodies were incubated overnight at 4˚C. The membranes were incubated in secondary antibodies diluted in 5% BSA in TBST for 90 min at room temperature with mild agitation. The membranes were washed three times between each of the incubations. The labeled proteins were detected by enhanced chemiluminescence (ECL kit; Bio-Rad, Hercules, CA, USA).
Statistical analysis. The data are expressed as the means ± SD. The statistical significance of the differences was determined using a Student's two-tailed t-test for two groups and one-way ANOVA for multiple groups. P-values <0.05 were considered to indicate statistically significant differences. All data were analyzed using SPSS 16.0 software.
Results
DDP-induced cell death in OS cells.
We evaluated a group of four OS cell lines, MG-63, U-2OS, MNNG/HOS and Saos-2, for their sensitivity to the chemotherapeutic drug, DDP. DDP (10 µM) inhibited cell proliferation in the U-2OS and MNNG/HOS cells. The MG-63 cells were marginally more resistant to DDP treatment compared to the U-2OS and MNNG/ HOS cells, and the Saos-2 cells were completely resistant to DDP treatment at 10 µM or even higher concentrations (Fig. 1A) .
We then examined the typical markers of apoptotic cell death in the four cell lines. Th expression of cleaved caspase-3 was assessed following treatment with DDP (Fig. 1B) . The expression of cleaved caspase-3 was significantly increased in the U-2OS, MNNG/HOS and MG-63 cells, whereas no induction of cleaved caspase-3 expression was observed in the Saos-2 cells. To quantitatively evaluate apoptosis in the four cell lines, we exposed the cells to 0, 10 or 20 µM DDP for 48 h, and the apoptosis rate was determined using the Annexin V-PI (AV-PI) assay. A B C tosis rate and 84.7% necrosis rate for U-2OS, 48.5% apoptosis rate and 27.3% necrosis rate for MNNG/HOS) in response to DDP (20 µM). By contrast, the significantly drug-resistant (Saos-2) cells had a very low rate of apoptosis (0.1%).
DDP induces authentic autophagy in the Saos-2 cells Comparison of the morphological features of four DDP-treated OS cells observed under an electron microscope. The U-2OS, MG-63 and MNNG/HOS cells treated with DDP (40 µM)
for 48 h showed typical apoptotic morphology, including cell shrinkage and chromatin marginalization with an intact but blebbed plasma membrane and late apoptotic phenomena, such as nuclear debris and apoptotic body formation ( Fig. 2A) . By contrast, the DDP-treated Saos-2 cells retained an intact nuclear membrane containing a distinct nucleolus, with areas of more electron-dense heterochromatin. In addition, higher magnification images revealed the presence of numerous cytoplasmic vacuoles resembling nascent autophagosomes, many of which appeared to surround cytoplasmic material and components, such as the mitochondria (Fig. 2B) .
DDP induces the formation and degradation of autophagosomes in Saos-2 cells.
LC3, an autophagosomal membrane protein, is widely used as a cellular marker to assess the quantity of autophagosomes in cells (21) . LC3 with an N-terminus GFP has been used to monitor autophagy through direct fluorescence microscopy. Diffuse GFP fluorescence was observed in the U-2OS, MG-63 and MNNG/HOS and Saos-2 cells expressing GFP-tagged LC3 using a laser scanning confocal fluorescence microscope. Moreover, the number of GFP-LC3 puncta in the Saos-2 cells significantly increased following exposure to DDP (48 h) (Fig. 3A) . These results suggest that DDP induces autophagy in the Saos-2 cells. The formation of a lipidation form of LC3, termed LC3-II is induced by autophagy. Thus, it is a reliable biochemical marker for autophagy. We therefore investigated the conversion of LC3 form I (LC3-I, 18 kDa) to form II (LC3-II, 16 kDa) by western blot analysis. The results revealed that the U-2OS, MG-63 and MNNG/HOS cells did not convert LC3-I to LC3-II following exposure to DDP. By contrast, the levels of LC3-I and LC3-II were downregulated in the Saos-2 cells that were treated with DDP for 48 h (Fig. 3B) . This is may be due to the rapid lysosomal degradation of LC3-II during autophagy. Thus, we believe that DDP indeed induces autophagy in the Saos-2 cells.
To elucidate the molecular mechanism by which DDP induces autophagy in the Saos-2 cells, we co-treated the cells with different autophagic inhibitors. As shown in Fig. 3Ci , GFP-LC3 puncta were not observed when the cells were treated with the lysosomal protease inhibitor, chloroquine (6 µM, added 2 h prior to exposure to DDP); however, the degradation of autophagosomes was not blocked by the other inhibitors of lysosomal proteases, E64d and pepstatin A. The 
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Di Dii average number of GFP-LC3-positive puncta in ten typical (x63 magnifications) cells was counted to measure the statistical differences. Histograms revealed that only chloroquine affected the degradation of the autophagosomes (Fig. 3Di) . This is consistent with the fluorescence microscopy data. The results from western blot analysis demonstrated that LC3-II was significantly upregulated in the Saos-2 cells treated with a combination of DDP and chloroquine, compared to the Saos-2 cells treated with DDP alone (Fig. 3E) . However, the accumulation of LC3-II and the inhibition of lysosomal proteases was not observed in the MG-63 cells, which are mildly resistant to DDP-induced apoptosis ( Fig. 3Cii and Dii). Taken together, these results provided strong support to the conclusion that while DDP induces apoptosis in the U-2OS, MG-63, MNNG/HOS cells it causes autophagy in the Saos-2 cells. Furthermore, autophagy protected the Saos-2 cells from DDP-induced cell death.
Chloroquine blocks the DDP-induced autophagy in Saos-2 cells by regulating p62/SQSTM1
. The protein levels of autophagic substrates can be used to monitor the autophagic flux. A previous study revealed that several specific substrates are preferentially degraded by autophagy, among which the most extensively studied autophagic substrate, is p62/SQSTM1 (22) . In this study, we examined the expression of p62/SQSTM1 in the Saos-2 and MG-63 cells treated with 0, 10 and 20 µM DDP for 48 h. The downregulation of p62/SQSTM1 was observed in the Saos-2 cells 48 h following exposure to DDP (Fig. 4A) . To examine such a regulation in further detail, we examined the expression of p62/SQSTM1 at various time points over a period of 24 h in the Saos-2 and MG-63 cells treated with 20 µM DDP. In the Saos-2 cells, the expression level of p62/ SQSTM1 decreased after 1 h of treatment with DDP, followed by a gradual recovery (Fig. 4B) . These results suggest that the total cellular expression levels of p62/SQSTM1 correlate with the autophagic activity and that p62/SQSTM1 plays a potential role in the response to DDP in the Saos-2 cells. A previous study revealed that the inhibition of autophagy in HeLa cells resulted in the accumulation of p62/SQSTM1 (22) . As shown in Fig. 4C , the downregulation of p62/SQSTM1 expression was observed when autophagy was inhibited by the lysosomal protease inhibitor, chloroquine (6 µM, added 2 h prior to exposure to DDP); however, the formation of autophagosomes was not blocked by E64d or pepstatin A, two other inhibitors of lysosomal proteases. Accordingly, we found that DDP in combination with chloroquine inhibited cell proliferation in a dose-dependent manner (Fig. 4D ). These data suggest that chloroquine inhibits the autophagic process in DDP-resistant OS cells by regulating the expression or degradation of p62/SQSTM1.
Discussion
In recent decades, although the survival rate of patients with OS has increased as a result of rapid advancements in comprehensive therapy, particularly neoadjuvant chemotherapy, the cytotoxic effects of drugs on OS cells are reduced by acquired chemoresistance. Therefore, the specific mechanisms of drug resistance and the molecular targets involved must be explored to overcome the resistance to cytotoxic drugs. Autophagy may help cancer cells survive in growth-limiting conditions, such as the presence of anticancer drugs. In this study, we demonstrate that DDP-sensitive cells underwent authentic apoptosis, with the cells exhibiting caspase-dependent death. Of note, only a small number of Saos-2 cells underwent apoptosis following treatment with DDP. Furthermore, the results revealed that DDP induced autophagy in a dose-and time-dependent manner in this DDP-resistant cell line, which may be the survival factor facilitating their development of acquired resistance. Autophagy is a catabolic process for the autophagosomiclysosomal degradation of bulk cytoplasmic content. The autophagic flux can be measured by measuring the LC3-II turnover in the presence or absence of lysosomal degradation, which can be assessed by western blot analysis (20) . Lysosomal degradation can be prevented by certain protease inhibitors (e.g., chloroquine, pepstatin A and E64d) (23) . In our study, despite the salient attenuation of LC3-I, the conversion of endogenous LC3-I to LC3-II in the DDP-treated Saos-2 cells was insignificant. Therefore, we examined the turnover of LC3-II in the Saos-2 cells treated with DDP in combination with different lysosomal inhibitors (chloroquine or pepstatin A and E64d) by western blot analysis and laser confocal fluorescence microscopy. The results revealed that the DDP-induced aggregation of LC3-II was significantly reduced in the Saos-2 cells treated with chloroquine and DDP but not when they were treated with chloroquine plus pepstatin A and E64d. These results were confirmed by the fluorescent data, which demonstrated the accumulation of GFP-LC3 puncta in the Saos-2 cells treated with DDP in combination with lysosomal protease inhibitors. In addition, the levels of other autophagic substrates may be used to monitor the autophagic flux. The adaptor protein, p62/SQSTM1, is required for the formation of ubiquitinated protein aggregates in vitro. p62/SQSTM1 is selectively incorporated into autophagosomes through its direct binding with LC3. Therefore, the total cellular expression levels of p62/SQSTM1 inversely correlate with autophagic activity. In our study, our results revealed that the expression level of p62/SQSTM1 was upregulated following treatment with DDP for 48 h. These results suggest that the analysis of p62/SQSTM1 expression may be useful in assessing the early induction of autophagy and may also be a marker of autophagy. More importantly, p62/SQSTM1 plays a significant role in the resistance of OS cells to DDP.
Chloroquine has been used for the treatment of various diseases, such as malaria and rheumatoid arthritis for several decades (23) . The application of chloroquine as an adjuvant anticancer drug has previously been reported as it plays a key role in halting the DNA repair process. In addition, treatment with chloroquine leads to an apparent increase in the formation of autophagosomes, possibly by blocking the fusion of lysosomes (24) . For this reason, in this study, we investigated the potential cytotoxic effects of three lysosomal protease inhibitors (chloroquine, E64d and pepstatin A). Furthermore, we assessed the contribution of DDP-induced autophagy to the survival of Saos-2 cells, using the lysosomotropic agent chloroquine, which prevents lysosomal degradation. The marked increase in cell death observed following co-treatment with DDP and chloroquine suggested that the addition of a late phase autophagic inhibitor to DDP reduced the chemoresistance of the Saos-2 cells. Notably, the addition of chloroquine diminished the DDP-induced downregulation of p62/SQSTM1 expression in the Saos-2 cells, suggesting that chloroquine blocked the DDP-induced autophagy in the drug-resistant OS cells by regulating the expression of p62/SQSTM1 and LC3. The combination of an autophagic inhibitor with agents that induce apoptosis in drug-resistant cancer cells as a survival response has recently been proposed as a novel targeted therapy for cancer (25, 26) . Thus, chloroquine appears to be a promising candidate for the inhibition of autophagy in OS cells, which has long been used as an anti-malarial and antirheumatic drug.
In conclusion, in this study, we demonstrate that autophagy is a protective mechanism induced in DDP-resistant human OS cells in vitro. In addition, chloroquine dramatically suppressed the autophagic process that led to apoptotic cell death in the DDP-resistant OS cells by regulating the expression of LC3 and p62/SQSTM1. Our data suggest a potential clinical therapy targeting autophagy with chloroquine or monoclonal antibodies for the treatment of drug-resistant OS.
